Parkinson disease (PD) is devastating to sensorimotor function that includes cranial/oromotor and limb motor deficits. However, the onset, progression, and neural correlates of PD-related dysfunctions are poorly understood. To address this gap, we used a genetic rat model of PD, DJ1 -/-, and hypothesized that motor deficits would manifest early in the disease process, be progressive in nature, and be related to pathologies in brainstem structures associated with sensorimotor function. The present study compares homozygous DJ1 -/-male rats to age-matched wild type controls. Progressive cranial sensorimotor function (ultrasonic vocalizations and tongue motor performance) and limb motor function (tapered balance beam) was analyzed at 2, 4, 6, and 8 months of age. Additionally, tyrosine hydroxylase cell counts were performed in the locus coeruleus and correlated to behavioral measures. We found that compared to wild type controls, DJ1 -/-show deficits in ultrasonic vocalizations as well as oromotor (tongue) deficits that were progressive. Overtime, DJ1 -/-rats cross a tapered balance beam with significantly decreased speed of traversal. Additionally, in the DJ1 -/-, tyrosine hydroxylase positive cells in the locus coeruleus are significantly reduced and are negatively correlated to oromotor behaviors. Characterizing the DJ1 -/-model of PD provides important foundational work necessary to define behavioral and early-onset biomarkers that parallels early-stage PD pathology in humans.
Introduction
Parkinson Disease (PD), the second most common neurodegenerative disorder, affects 2% of people worldwide [1] . PD is primarily diagnosed by signs and symptoms affecting limb motor function, including resting tremor, postural instability, and bradykinesia [2] . These signs are responsive to dopamine replacement that targets loss of dopaminergic cells in the substantia nigra [3] . However, many cranial sensorimotor signs and symptoms are refractory to standard dopamine replacement treatment. These include dysarthria and dysphagia, that affect up to 90% of patients with PD [4] . Little is known about the underlying neuropathology that contribute to these common PD deficits that are devastating to health and quality of life.
There are multiple challenges to studying early-phase PD, including the inability to study onset and progression in humans. Average age of diagnosis is around 60 years old [5] , but a substantial preclinical phase in which deficits are subtle remains underdiagnosed [6] . Recently, genetic mutations that lead to inherited forms of PD have been identified [7] [8] [9] , and these mutations have led to the development of novel animal models of PD that can be used to study the preclinical phase [10] . Germane to this study, loss of function mutations in the PARK7 gene encoding the DJ1 protein leads to an autosomal recessive form of inherited PD [11] . The DJ1 protein has a number of functions within the cell, including self-oxidation to protect against oxidative stress [12] . In particular, DJ1 acts as an antioxidant for ROS generated by mitochondrial homeostasis as well as by damaged mitochondria. This helps to regulate fission and mitophagy, and in cases of DJ1 mutations, these processes are increased. Further, DJ1 protects against alpha synuclein aggregation, a hallmark of PD pathology, by inhibiting oligomer formation [13] . Evidence supporting the use of rodent DJ1 -/-models in the study of PD is mixed. DJ1 -/-mice fail to show significant loss of dopaminergic neurons or limb motor deficits, as tested with an accelerating rotarod assay, but do show progressive deficits in an adhesive removal task as well as decreases in open field locomotion [14] . These animals also show enhanced vulnerability to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) exposure [15] . The DJ1 -/-rat shows similar patterns in gross and find motor deficits, with no significant deficits as measured by a rotarod test but decreases in open field mobility. In contrast to the mouse model, the DJ1 -/-rat has progressive loss of nigral dopaminergic neurons (significant at 8 (mo) months of age) but no change in tyrosine hydroxylase (TH) immunoreactivity in the striatum [10] . Other studies show a number of compensatory changes within the striatum of DJ1 -/-rats, including upregulation of vesicular monoamine transporter type-2 and D2 receptor expression [16] . Together, these studies suggest that the DJ1 -/-rat model may be a useful tool to study early phase pathology; however, research has yet to investigate pathology outside of traditional nigrostriatal pathway and cranial sensorimotor dysfunction.
The aim of this work was to characterize the DJ1 -/-rat model's potential for studying the deficits that occur within vocal communication and orolingual function, and to examine early-onset pathology within the locus coeruleus (LC), a brainstem region affected in early PD that directly contributes to systems of sensorimotor control. Specifically, TH cell loss within the LC has been correlated to deficits in limb motor and orolingual function [17] . In this study, DJ1 -/-and agematched wild type (WT) control rats were assessed at 2, 4, 6, and 8 mo of age for ultrasonic vocalizations, licking behavior, and limb motor function. We hypothesized that DJ1 -/-rats would show progressive deficits in these three areas compared to WT animals. Additionally, the LC was examined for cell loss at 8 mo of age, and we hypothesized that DJ1 -/-rats would show a loss of LC neurons that would correlate to deficits found in behavior.
Experimental methodology

Animals and habituation
In this study, 32 male Long-Evans rats (DJ1-/-, n = 16; WT, n = 16) and 6 WT female stimulus rats were acquired from SAGE™ Research Labs (Boytertown, PA, USA; [10] ) at 6 weeks of age and same sex pair-housed in standard polycarbonate cages (290 mm × 533 mm × 210 mm) on a 12-h (hr) reverse light cycle. Females were used as a social stimulus for ultrasonic vocalization experiments. All acclimation and testing occurred in partial red light during the animal's dark cycle except where otherwise stated. Three DJ1 -/-rats did not develop appropriately prior to testing and were replaced with three new animals from SAGE labs. Rats had ad libitum access to food and water, except during tongue task acclimation and testing (described below). All animals were handled by the experimenters in the testing room and placed into testing equipment chambers each day for two weeks prior to experiments. Procedures were approved by the University of Wisconsin-Madison Animal Care and Use Committee (IACUC protocol M02505) and were conducted in accordance with the Guide for the Care and Use of Laboratory Animals (NIH, Bethesda, MA, [18] ).
Behavioral testing and analysis
Animals underwent behavioral testing at 2, 4, 6, and 8 months (mo) of age. Order of animals was randomized on each testing day.
Body weights
Animals were weighed (g) at each testing time point using a digital scale.
50-kHz ultrasonic vocalizations
Ultrasonic vocalizations were recorded using a standard paradigm in a testing room separate from colony housing [17, 19] . The ultrasonic microphone (CM16; Avisoft, Berlin, Germany) has a flat frequency response up to 150-kHz, and a working frequency response range of 10-180-kHz. The microphone tip was placed 15 cm above the animal's home cage and was used to record 50-kHz ultrasonic vocalizations at sampling rate of 250-kHz, 16-bit depth. Both rats and humans produce meaningful vocalizations through modulation of laryngeal muscles to alter egressive airflow in response to social contact [20] . Therefore, ultrasonic vocalizations provide a useful analogue to human speech and can be used as a tool to look at vocalization biology [21] . During testing, each male rat was placed alone in the home cage and a sexually receptive female stimulus rat was placed in that cage for up to five minutes (min) or 2 successful mounts. The female was removed and the subsequent male-only vocalizations of the test subject were recorded for 90 s (sec). Male rats typically produce 50-kHz vocalizations in response to positive social experiences, such as play or copulation [22] . Allowing males to interact with a receptive female prior to recording allows for the collection of vocalizations from an individual animal alone in the home cage, ensuring that the vocalizations collected are from the test subject.
Offline acoustic analysis was performed using a customized, automated program in Avisoft SASLab Pro (CM16, Avisoft, Germany). Vocalization spectrograms were generated with the frequency resolution set to a Fast Fourier Transformation (FFT) of 512 points, frame size of 100%, flat top window, and the temporal resolution set to display 75% overlap. A high-pass filter was used to eliminate noise under 25-kHz to ensure automatic detection of was calls reliable. Experienced raters, masked to genotype, analyzed the files via acoustic and visual inspection of calls in order to classify them into frequency-modulated call categories based on complexity [19, 23, 24] . The percentage of complex calls was calculated for each animal. Within each category, the following maximum and average acoustic variables were calculated for each animal: duration (ms), bandwidth (Hz), intensity (dB), and peak frequency (kHz) [19, 23, 24] . Maximum is thought to represent the animal's best performance while average represents the animal's performance across the full 90 s testing session.
Tongue function
Protrusive tongue force was examined using a custom set-up, as described previously [25] [26] [27] . This specialized device for modification and measurement of force during licking. As this task involves a traditional learning/water reward paradigm, rats were water-restricted with access to water for 3 h per day during acclimation and testing for this task. Animals were acclimated to the procedure for two weeks prior to the first test session and were subsequently re-acclimated for one week prior to testing at 4, 6, and 8 mo. During the procedure, a 1 cm x 1 cm aperture and force operandum were placed in a standard polycarbonate cage (290 mm × 533 mm × 210 mm). An operant conditioning paradigm was used: rats were trained to press the operandum with their tongue in order to receive an aliquot of water reward on a variable-ratio 5 schedule. During testing, rats were placed individually into a polycarbonate enclosure equipped with the aperture and force operandum that delivered aliquots of water based on the individual's tongue-press behaviors. When the rat pressed with the required force at or above threshold, an aliquot of water was delivered. The required force increased based on the rat's previous press. Testing was performed over 3 days and data from the day with the highest participation values were analyzed, consistent with previous research (see Ciucci et al. [27] ).
Tongue presses were recorded at 200 Hz in a custom-designed computer data-acquisition software (Matrix Product Development, Cottage Grove, WI) and analyzed with custom-designed algorithms in Matlab software (MathWorks, Natick, MA) to measure the average of force per session millinewtons (mN), the standard deviation of force (mN), and the maximal of force per session in (mN). The average force during a session is a representation of the animal's mean performance across the testing session while the maximum press is thought to represent the animal's highest capability and ability to press only as hard as necessary. Variability of tongue force is the animal's variance in performance across the testing session and is thought to be a measure of how consistently animals can regulate their tongue force.
Tapered balance beam
To assess overall limb motor function, gait along a 165 cm long tapered balance beam (Lafayette Instrument Company, Lafayette, IN) was assayed. Animals were acclimated to this task for two weeks prior to testing. All testing and acclimation took place in a room illuminated by natural sunlight. Animals were required to traverse the beam toward the homecage for five trials. Video recordings of each side of the beam were obtained on testing days using two cameras (HDR-CX210; Sony, New York, NY), and analysis was performed by experienced raters masked to genotype. The following variables were measured: time to traverse the whole beam (sec), time to traverse the narrowest portion of the beam (last 1/3) (sec), and the number of foot faults, defined as the animal stepping off of the upper surface of the beam [28] .
Tissue processing and immunohistochemistry
Four rats from each genotype were randomly selected to be euthanized following testing at 4 mo of age (not discussed in this study); the remaining animals (n = 24) were euthanized at 8 mo of age. Briefly, animals were deeply anesthetized with isoflurane and transcardially perfused with saline followed by 150 ml of 4% ice-cold paraformaldehyde. Brains were extracted, post-fixed in paraformaldehyde for 24 h, and transferred into a 30% sucrose solution. Brains were soaked for 48 h to equilibrate before being cut into 60 micrometer (μm) sections using a freezing-stage microtome. Tissue slices were stored at −20°C in anti-freeze solution (30% ethylene glycol, 30% glycerol in 0.1 M phosphate buffered saline (PBS)). TH immunolabeling was assessed using immunohistochemistry.
For immunohistochemical procedures, free-floating brain tissue slices were transferred into PBS overnight. Endogenous peroxidase activity was quenched with a 0.5% hydrogen peroxide solution. Sections were blocked in 20% normal goat serum in PBS-T for 1 h to reduce nonspecific antibody binding, and subsequently incubated at 4°for 24 h in primary antibody (TH: rabbit polyclonal; Millipore, Temecula, CA (AB152)) at 1:2000 diluted in 1% normal goat serum and PBS. Primary antibodies were validated using positive control tissue (TH: wild type aged 8 mo substantia nigra brain tissue). For negative controls, experimental tissue with no incubation in primary antibody or in secondary antibody yielded no visible staining.
Following PBS washes, sections were incubated in the corresponding biotinylated secondary antibody (goat anti-rabbit from Millipore, Temecula, CA (AP132B)) diluted at 1:500 in 1% normal goat serum and PBS. Sections were incubated in a streptavidin-biotin-horseradish peroxidase solution (Vector, UK) and visualized with diaminobenzidine tetrahydrochlroide (DAB, Sigma Aldrich, St. Louis, MO) in PBS containing 0.3% hydrogen peroxide. Sections were mounted onto gelatincoated slides, dehydrated, and coverslipped with Cytoseal (RichardAllen Scientific, Kalamazoo, MI) mounting medium.
Image acquisition and analysis
Three anatomically equivalent sections that contained the LC were selected from each animal (n = 12 WT, n = 12 DJ1 -/-) for analysis. Images were taken with a DP80 Olympus camera attached to an Olympus BX53 upright microscope (Olympus, Madison, WI) at 20x and stitched to form a composite image of the entire region of interest. Composite images were then examined by an experienced rater masked to condition using ImageJ Cell Counter Macro (National Institutes of Health, Bethesda, Maryland) to manually count the number of TH-ir cell soma in the LC. Cell counts from each image were summed to form a total cell count for each animal.
Statistical analysis
tlsb -0.08ptAll statistical analyses were conducted with SigmaPlot ® 12.5 (Systat Software, Inc., San Jose, CA). Dependent variables were analyzed using a 2 × 4 (ultrasonic vocalization and tongue task) or 2 × 3 (tapered balance beam) mixed model analysis of variance (ANOVA) with genotype (DJ1 -/-or WT) and age (2, 4, 6, or 8 mo; 4, 6, or 8 mo) as independent variables. Normality was determined with the Brown-Forsythe Test and equal variance with the Shapiro-Wilk Test. Main effects as well as interactions were examined, and Fisher's least significant difference was used for post-hoc testing. Effect size was calculated and reported through partial eta (η) squared values. Further, Pearson's correlations were used to examine whether a significant relationship existed between body weight and experimental variables. A mixed model ANCOVA was used in order to examine the difference between groups when body weight was a significant covariate (this was only necessary for tapered balance beam traversal). Pearson's correlations were used to test relationships between LC cell counts and behavioral variables for DJ1 -/-animals. The alpha level for significance was set a priori to 0.05. Inter-and intra-rater reliability was tested using Intraclass Correlations (ICC) performed on randomly selected overlapping testing files (10%) of the ultrasonic vocalizations, the tapered balance beam behavioral assessments, and ImageJ cell counts. The ICC was required to be 0.9 or above in order for data from that rater to be considered reliable. 
Results
Body weight
Average intensity
There was a significant interaction between age and genotype [F(3, 103) = 3.094, partial η 2 = 0.0827, p = 0.030] (see Fig. 4C ). Specifically, at 4 mo animals produced louder calls than at 2 mo (p = 0.018), while at 8 mo animals produced lower average intensity calls than 4 mo (p = 0.010). There was a significant difference between WT and DJ1 -/-at 8 mo of age (p < 0.001) in that DJ1 -/-animals produced quieter calls than WT.
Average peak frequency
There was a significant main effect for age [F(3, 103) = 2.718, partial η 2 = 0.0734, p = 0.048] (see Fig. 4D ), but not for genotype [F 3.5. Protrusive tongue force
Average tongue press
There was a significant interaction between the genotype and age [F (3, 102) = 7.649, partial η 2 = 0.1837, p < 0.001] (see Fig. 5A ).
Specifically, DJ1 -/-animals had a significantly higher average press force than their WT counterparts at 2 (p = 0.013), 4 (p < 0.001), and 
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6 (p < 0.001) mo of age. However, WT animals had a significantly higher average press force than DJ1 -/-animals at 8 mo of age (p = 0.031). There was also a significant difference between age groups with 6 (p < 0.001, p < 0.001) and 8 (p < 0.001, p < 0.001) month animals having a higher average press force than 2 and 4 month old animals.
Standard deviation of average tongue press
There was a significant interaction between the genotype and age [F (3, 102) = 72.854, partial η 2 = 0.0774, p = 0.041] for the standard deviation of the average tongue press (see Fig. 5B ). Specifically, DJ1 -/-animals had a significantly increased standard deviation of average press force compared to WT at 2 (p < 0.001), 4 (p < 0.001), 6 (p < 0.001), and 8 (p = 0.049) mo of age. There was also a significant difference between age groups with 6 (p = 0.001, p = 0.046) and 8 (p < 0.001, p < 0.001) mo animals having a higher average press force than 2 and 4 mo old animals.
Maximum tongue press
There was a significant effect for genotype [F(1, 102) = 163.323, partial η 2 = 0.6156, p < 0.001] (see Fig. 5C ) and for age [F(3, 102) = 3.379, partial η 2 = 0.0904, p = 0.021] (see Fig. 5D ), but no sig- Fig. 6B ). DJ1 -/-animals took significantly longer to traverse the narrowest 1/3 compared to WT (6 mo p = 0.0027, 8 mo p = 0.0302).
Foot faults on whole beam
There was a significant interaction between age and genotype [F(2, 73) = 4.634, partial η 2 = 0.1127, p = 0.013]. WT animals made significantly more foot faults at later timepoints (4 vs 8 mo, p = 0.032,6 vs 8 mo, p = 0.045). Further, they had significantly more foot faults than DJ1 -/-animals at 8 moof age (p < 0.001) ( Table 1 ).
Foot faults on last 1/3
There was a significant interaction between age and genotype [F(2, 73) = 7.136, partial η 2 = 0.1635, p = 0.001]. WT animals made significantly more foot faults than DJ1 -/-animals at 8 mo of age (p < 0.001) ( Table 1) .
TH cell counts
There was a significant reduction in TH-ir cell body counts in the locus coeruleus of DJ1 -/-animals at 8 mo of age compared to WT (p < 0.001) (Fig. 7A) . The mean TH-IR cell count of WT animals was 475 with SEM 35.54 while DJ1 -/-animals had an average of 249.52 with SEM 12.52. Pearson's correlations determined that these cell counts significantly negatively correlated with standard deviation of average press (df = 12, r = −0.580, p = 0.0483) and with maximum press (df = 12, r = −0.692, p = 0.0126).
Rater reliability
The ICC Index for these data are as follows: 0.97 for duration, 0.99 for bandwidth, 0.99 for peak frequency, 0.97 for intensity, 1.0 for average time to traverse, 1.0 for average time to traverse the last third, 1.0 for average foot faults, 1.0 for foot faults for the last 1/3, and 0.99 for cell counts.
Discussion
In this study, we compared DJ1 -/-rats to age-matched WT controls at 2, 4, 6, and 8 mo of age to assess deficits in a number of motor behaviors that occur in early-stage PD. Results show that DJ1 -/-rats demonstrate early and progressive motor deficits, including those in vocal, tongue, and limb motor function. Further, these deficits present themselves prior to significant loss of nigrostriatal dopaminergic neurons as reported in Dave et al., 2014, which suggests contributions from other sensorimotor regions may be responsible for these observed deficits. In the present study, DJ1 -/-animals show a significant reduction of TH-immunopositive neurons in the LC at 8 mo of age compared to WT. Moreover, cell counts from DJ1 -/-animals significantly correlated to maximum lingual force as well as standard deviation of lingual force suggesting a significant contribution of the LC system to tongue function. Overall, these results suggest that the DJ1 -/-rat shows promise in modelling the complex neuropathology of early stage orolingual and limb motor deficits seen in PD.
DJ1 -/-rats show increased body weights compared to WT animals
DJ1 -/-rats were significantly heavier than WT animals at each testing timepoint. However, there was not an age by genotype interaction, suggesting that this is a static phenotype. This finding was unexpected as previous work examining the DJ1 -/-rodent models found no differences in body weight [10, 14] . Further, patients with PD have been found to report weight loss rather than weight gain following disease onset [29] . Difficulty in eating and swallowing are well-documented in PD [30] and is often associated with malnutrition [31] , which contributes to weight loss in humans with PD. However, there are also a number of neuroendocrine abnormalities found in patients with PD, specifically in hormones related to eating such as ghrelin [32] and glucagon-like peptide 1 [33] . It is possible that these hormonal abnormalities manifest within this model in a way that increases body [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] weight. Future work should examine energy balance and feeding pattern differences in the DJ1 -/-rat model.
DJ1 -/-rats show increased complexity and differences in acoustic measures of ultrasonic vocalizations
Our work found that DJ1 -/-rats produced significantly more frequency-modulated ultrasonic vocalizations compared to WT counterparts. Frequency-modulated USV production positively correlates to how rewarding the eliciting incentive is [34] , suggesting that DJ1 -/-may have differences in incentive salience coding compared to normal animals. Likewise, because early age timepoints were evaluated, these differences may even confer some neuroprotection to degradation of vocal systems. Previous work from our laboratory shows that increased levels of socialization, via experimenter handling and female conspecific exposure, mitigated the progression of deficits in USVs in a Pink1 -/-model of PD [35] .
DJ1 -/-animals also show increases in maximum and average call duration compared to WT animals. Decreases in call duration have previously been reported to correlate with losses in striatal dopamine following 6-hydroxydopamine infusions [36] . Consistent with this report, DJ1 -/-rats do not show loss of TH-immunoreactivity within the striatum through 8 mo of age, despite a significant loss of nigrostriatal dopamine neurons [10] . In contrast, DJ1 -/-rats produced USV's with progressively lower average intensity compared to WT animals, though their maximum intensity was unchanged. Maximum values reflect the best performance of the animal in that particular parameter while average values reflects their overall performance over a 90-s span. Therefore, DJ1 -/-rats' maximum capacity in intensity remained unchanged while average performance worsened. These deficits closely align with those experienced by patients with PD, who often report decreased loudness and difficulty being heard by family members [30, 37, 38] . However, with behavioral interventions such as LSVT-LOUD, patients with PD can be trained to increase loudness of speech, demonstrating that these deficits are responsive to exercise interventions [35, 36, [39] [40] [41] [42] [43] .
There were a number of age effects on USV parameters that are consistent with previous work from our lab and others [17, 19, 23, 35, 36] . Specifically, 6 and 8 mo old animals produced more complex calls than 2 and 4 month old animals. Further, there were significant increases in maximum intensity from 2 mo old animals to 4, 6, and 8 month old animals. At 4 months, animals also produced calls with higher maximum intensity and higher maximum and average bandwidth compared to 2 mo old animals, which may be due to increased familiarity with the experimental environment in which USV testing occurs. Additionally, 8 mo old animals also produced calls with a lower average peak frequency than 2 month old animals. This could be due to the larger size of the animal, though body weight did not correlate with these data. Older animals experience declines in peak frequency of USVs, a parameter associated with positive affect [44] .
4.3. DJ1 -/-rats have increased maximum and average tongue forces as well as increased standard deviation of tongue force DJ1 -/-rats showed decreased ability to regulate tongue force in an operant conditioning lingual task. Their average press force values were significantly higher than their WT counterparts until 8 mo of age. Further, their standard deviation of average press was consistently higher than WT animals. Maximum press values were also consistently higher in DJ1 -/-animals than WT animals. The protrusive tongue force deficits seen in this model are consistent with that which is seen in human patients with PD, who experience a number of orolingual tongue function deficits [30, [45] [46] [47] [48] [49] [50] [51] [52] . Festinating tongue movement and poor bolus preparation are common signs and of dysphagia in PD [53] . These deficits in bolus preparation and transpor lead to increased risk of aspiration pneumonia, the leading cause of death in PD [54] . Inabilities to precisely grade movement, including oromotor movements, are common in PD and result in overshooting the target. These findings in rats closely align with what is seen in patients [55] . Additionally, subtle changes to pressure variation from the velopharynx during swallowing in patients with early stage PD is detectable using high-resolution manometry [56] .
Deficits in standard deviation of tongue force as well as maximum tongue force significantly negatively correlated to number of TH-immunopositive cell bodies in the LC. That is, the greater loss of neurons within the LC, the higher maximum tongue force and standard deviation of tongue force. The subcoeruleus complex synapses with protrusor motor neurons of the hypoglossal nucleus of the rat, and so loss of this modulating force may lead to deficits in tongue force regulation where animals overshoot their target [57] . Interestingly, previous work shows that nigrostriatal dopamine neuron loss in a 6-OHDA model of PD positively correlated to decreases in tongue force [17] . Differences in how these regions modulate motor behavior may account for the opposite relationships observed during neurodegeneration of these regions in PD models [58] .
DJ1 -/-rats take significantly longer to traverse a tapered balance beam
Consistent with other rodent models of PD, DJ1 -/-rats show limb motor deficits, as measured by time to traverse a tapered balance beam. However, DJ1 -/-rats made significantly less foot faults compared to WT animals. Due to the low number of foot faults made by animals during this task, these differences may not be biologically relevant. However, this may reflect a compensatory mechanism on the part of the DJ1 -/-rats as these animals show differences in gait that could decrease the probability of an error using this task [10] . WT animals traversed the beam more quickly and thus, were more likely to make additional foot faults due to speed. Deficits in gross motor function in PD, including bradykinesia, postural instability, and gait abnormalities, have been well-defined [2] . DJ1 -/-rats show a significant decrease in TH-immunopositive cell bodies of the substantia nigra at 8 mo of age, thus, degeneration of the basal ganglia appears to contribute to the development of motor dysfunction in this model. Further, other studies have shown that DJ1 -/-rats show lower hindlimb grip strength as well as wider variability in hindlimb placement during gait analysis [10] .
4.5. DJ1 -/-rats show TH-immunopositive cell loss in the LC at 8 months of age DJ1-/-rats showed a decrease in TH-immunopositive cell body counts in the LC at 8 mo of age compared to WT animals. According to the Braak staging model of PD, the LC shows early signs of pathology, including alpha synuclein aggregation and neuronal degeneration that worsen as the disease progresses and ascends from the brainstem into rostral brainstem regions [59, 60] . Though the LC has widespread projections to many regions, including the thalamus and cortical sensory regions, its contributions to PD pathophysiology are often overlooked [61, 62] . Further, examination of altered neurotransmission and compensatory mechanisms in the LC would provide a broader context for understanding those contributions. The Pink1 -/-rat model of PD also shows a significant loss of LC TH-immunopositive neurons, suggesting that this may be a common feature of rodent PD models [17] . Further work is needed to examine whether loss of these neurons is progressive.
Future directions and other considerations
Our work characterizing the DJ1 -/-rat model has demonstrated that it may be a useful model for studying the complex pathology underlying early stage oromotor deficits of PD. It is the first to examine this critically overlooked area of PD behavioral (oromotor) and neural pathology within this model. Future studies should examine changes to central brain regions controlling oromotor behavior, including the nucleus ambiguus and hypoglossal nucleus, as well as peripheral structures such as the larynx, pharynx, and tongue. Better characterization of pathology will lead to more targeted treatments for speech and swallowing deficits in PD, and this work provides a foundation to build a better understanding of how oromotor deficits manifest in PD. 
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